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Changes in nuclear organization are considered an important complement to trans-acting factors, histone
modifications and non-coding RNAs in robust and stable epigenetic silencing. However, how these multiple
layers interconnect mechanistically to reinforce each other's activity is still unclear. A system providing long
timescales facilitating analysis of these interconnections is vernalization. This involves the Polycomb-
mediated epigenetic silencing of flowering locus C (FLC) that occurs as Arabidopsis plants are exposed to
prolonged cold. Analysis of changes in nuclear organization during vernalization has revealed that disruption
of a gene loop and physical clustering of FLC loci are part of the vernalization mechanism. These events occur
at different times and thus contribute to distinct aspects of the silencing mechanism. The physical clustering of
FLC loci is tightly correlated with the accumulation of specific Polycomb complexes/H3K27me3 at a localized
intragenic site during the cold. Since the quantitative nature of vernalization is a reflection of a bistable cell
autonomous switch in an increasing number of cells, this correlation suggests a tight connection between the
switching mechanism and changes in nuclear organization. This integrated picture is likely to be informative
for many epigenetic mechanisms.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).Introduction
Plants as sessile organisms are faced with the
enormous challenge of how to respond to a constantly
changing environment. Many sensing mechanisms
have therefore evolved to enable plants to integrate
external signals and use them in the regulation of
their metabolism, growth and development. Long-term
seasonal cues are used to time developmental
transitions in order to align specific stages with
favorable environmental conditions, thus maximizing
reproductive success. For example, the seasonal cues
of increasing photoperiod and average daily tempera-
ture align flowering with spring. A second aspect of
temperature that is recognized as a seasonal cue is
the prolonged cold of winter. Flowering is actively
repressed until plants have been exposed to sufficient
cold (weeks and months depending on the species)
so that flowering only occurs after winter. This process,
known as vernalization, has been central to the
breeding of winter and spring sown varieties, thusAuthors. Published by Elsevier Ltd. T
rg/licenses/by/3.0/).extending the geographical range of many crops [1].
Many native species also require vernalization, and in
Arabidopsis thaliana, the process involves the epige-
netic silencing of a gene encoding the floral repressor
FLOWERING LOCUS C (FLC). This MADS box
protein functions as a transcriptional repressor blocking
expression of genes required to switch the meristem to
a floral fate [2,3].
Vernalization is one of the most well understood
examples of environmentally induced epigenetic
regulation. Cold exposure results in FLC silencing
in a slow and quantitative process, with the degree of
silencing reflecting the length of cold exposure [4].
The silencing is then mitotically maintained through
subsequent development in warm conditions,
enabling floral activator induction by photoperiod and
accelerated flowering. The epigenetic stability of FLC
silencing is stable throughmany rounds of cell division,
even through cuttings or callus regeneration [5]. The
current understanding of vernalization has been
established from forward genetic screens combinedhis is an open access article under the CC BY license
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660 Review: Nuclear Organization Changes at FLCwith chromatin biochemistry and more recently
with mathematical modeling. In the first part of this
review, we introduce the different temporal phases of
the vernalization process: establishment of FLC
expression before exposure to cold, cold-induced
FLC silencing, stable maintenance of the silenced
state and then resetting of FLC expression during
embryo development (Fig. 1a). We then review more
recent work on nuclear organization changes at FLC,
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considerable natural variation for FLC expression,
reflected in the different reproductive strategies of
different A. thaliana accessions. The winter/spring
growth habit is typically determined by allelic variation
at FRIGIDA (FRI): a coiled-coil domain protein, which
activates FLC expression through a co-transcription
regulatory mechanism and chromatin modifications
[6,7] (Fig. 1b). FRI directly interacts with the nuclear
cap-binding complex, potentially acting as a molecular
scaffold in a transcription–activator complex [8,9]. In
addition, current data also suggested that FRI is
required for the recruitment of AtWDR5a, a conserved
component of the H3K4 methyltransferase Compass/
MLL complex, that is targeted to FLC locus and
increases H3K4me3 [7]. Rapid cycling accessions
such as Columbia (Col) and Landsberg erecta (Ler)
carry loss-of-function mutations at FRIGIDA [6,10].
FRIGIDA function requires conserved chromatin mod-
ifiers such as the RNA-polymerase-associated factor 1
complex [11–16], Trithorax-like [17,18], radiation sen-
sitivity protein 6/BrefeldinAsensitivity protein1 [19–21],
Facilitates Chromatin Transcription [22], Compass-like
[7] and SWR1 complexes [23–30] involved in promot-
ing different aspects of FLC transcription [31].
Antagonizing FRIGIDA is the activity of the
autonomous floral pathway involving FCA, FY, FVE,
FPA, LUMINIDEPENDENS, FLOWERING LOCUSD
and FLOWERING LOCUS K. Molecular analysis has
shown that these activities converge to repress FLC
rather than function in a “linear” genetic pathway [32].
Their functions link RNA processing steps, both 3′ end
processing and splicing, with changes in histone
modification at FLC [33,34]. This mechanism involves
a set of antisense transcripts produced at the FLC
locus, collectively termed COOLAIR [35,36]. These
antisense transcripts completely cover the sense
transcription unit, initiating downstream of the FLC
major poly(A) site and terminating within the FLC
promoter. The activities of FCA (an RNA recognition
motif protein), FY (a cleavage and polyadenylation
specificity factor component) and FPA (an RNA
recognition motif protein), together with the conserved
cleavage stimulation factors CstF64 and 77, promote
proximal polyadenylation of COOLAIR transcripts
[34,37,38]. This results in FLD-dependent H3K4me2
demethylation across the body of the gene and low
FLC transcription [33]. Loss of FCA and FPA results in
increased distal polyadenylation of COOLAIR, in-
creased H3K4 methylation across the gene and high
expression [34,37,38]. A role for the conserved
spliceosome factor PRP8 in COOLAIR splicing also
has recently been described [39]. PRP8 promotes
splicing at a weak splice acceptor site in the first short
intron in COOLAIR, thus enhancing levels of COOL-
AIR proximal polyadenylation and thus FLC repres-
sion. Dissection of this mechanism revealed a
feedback mechanism between gene body histone
methylation and COOLAIR processing that reinforcesthe low expression state [39]. This can be seen as
functioning exactly antagonistically to FRIGIDA acti-
vation, which promotes distal polyadenylation, high
histone H3K4me2 and high expression. The balance
of these activities then achieves a fine molecular
balance for quantitative regulation of FLC expression
(Fig. 1b). Central to this balance is regulation of
COOLAIR transcription, which requires both a positive
transcription elongation factor b function [40] and
modulation of an extensive R-loop (a three-stranded
nucleic acid structure formed by an RNA–DNA hybrid
plus a displaced single-stranded DNA strand) that
covers the COOLAIR promoter and first exon [41].
Cold induction of FLC silencing
As plants are exposed to cold temperature, FLC
expression becomes reduced and is epigenetically
silenced. Genetic studies identifying trans-factors
necessary for vernalization identified many compo-
nents necessary for this silencing including a sup-
pressor of Zeste 12 homologue, a core component of
Polycomb-repressive complex 2 (PRC2). This
suggested histone methylation as a major factor in
determining the epigenetic silencing underlying ver-
nalization. DNA methylation appears to play no role in
vernalization [42,43]. Analysis of the dynamics of
association of PRC2 showed that it associated with
the FLC locus even in the actively expressed state,
thus resembling examples of mammalian Polycomb
silencing [44]. Mutagenesis also identified two plant
homeodomain (PHD) proteins required for vernaliza-
tion [45,46]. First, the VERNALIZATION INSENSI-
TIVE 3 (VIN3) is slowly up-regulated by cold—many
weeks of cold exposure are required for maximum
expression [45]. Second, the VERNALIZATION 5
(VRN5) has a similar structure to VIN3 but is
constitutively expressed [46]. VIN3 and VRN5 (also
known as VIN3-like 1 [47]) form part of a four-member
VEL (vernalization-like) gene family in the A. thaliana
genome, which is conserved in monocots [48]. All
intact genes encode proteins with a PHD domain, a
fibronectin III domain and a conserved C-terminus,
which is important for homodimerization/heterodimer-
ization of the proteins with each other [46]. The PHD
domains bind preferentially to H3K9me2 in vitro and
the VEL family functions to directly repress different
subsets of the FLC/MAF (MADS affecting flowering)
gene family [49]. Interconnection of the functions of the
PHD proteins with the core PRC2 was achieved
through analysis of interacting proteins and protein
complexes [44,50]. The PHD–PRC2 purified from
cold-exposed plants contained VIN3, VRN5
and VEL1, as well as the core PRC2 components
[44]. This complex appears analogous to Drosophila
Polycomb-like PRC2 and mammalian PHF1–PRC2
[51,52]. PHD–PRC2 accumulates at a specific intra-
genic site within FLC during the cold and causes
cold-dependent accumulation of H3K27me3. The
662 Review: Nuclear Organization Changes at FLCincreased H3K27me3 is limited to just one or two
nucleosomes in the nucleation region.
Additional cold-regulated steps were discovered
when FLC expression was still found to decrease
during the cold in a vin3 mutant [36]. Use of a
customized tiling array identified sense and antisense
transcripts that changed at FLC in different genotypes
and conditions [36]. Within 2 weeks of cold exposure,
the antisense transcripts at FLC accumulate over
10-fold at a time when FLCmRNA has changed rather
little. The cold-induced increase in antisense transcript
expression led to the name COOLAIR, as a parallel
with Hox antisense intergenic RNA (HOTAIR), a long
non-coding RNA involved in Polycomb regulation of
Hox loci in mammals [53]. A more detailed analysis of
COOLAIR induction has shown that it is the proximally
induced form that accumulates most strongly, together
with the unspliced antisense transcript (T. Csorba,
J. Questa, Q. Sun and C. Dean unpublished results).
The COOLAIR promoter was shown to drive cold-
induced expression of a luciferase reporter and to result
in cold-induced reduction in expression of a 35S-GFP
reporter suggesting that it is actively involved in the
cold-dependent repression of FLC expression [36].
However, analysis of T-DNA insertions in theCOOLAIR
promoter that reducedCOOLAIRexpression shows that
these transcripts are not absolutely required for vernal-
ization [54]. We are currently dissecting the role of these
antisense transcripts and their regulation by multiple
pathways, such as RNAi [35], R-loop [41] and cold [36].
Although not identified in the tiling array analysis, a
second long non-coding transcript, cold assisted intronic
non-coding RNA (COLDAIR), was found by PCR to
initiate from a cryptic promoter in the first intron of FLC in
a cold-dependent manner [55]. In vivo RNA immuno-
precipitation experiments suggested that COLDAIR
could interact and recruit the histone methyltransferase
subunit (CLF) of PRC2 to the FLC locus [55].
Stable maintenance of the FLC silenced state and
then resetting during embryo development
A few days after transfer back to warm conditions,
the PHD–PRC2 complex (now without the cold-
expressed VIN3) spreads across the entire FLC
gene [44]. This is associated with very high levels of
H3K27me3 blanketing the locus that are required for
the epigenetic stability of FLC repression through the
rest of development [44,56,57]. Whether increased
DNA replication or transcription at the higher temper-
atures contributes to spreading post-cold is unclear.
The mitotic stability of FLC silencing is maintained
through many cell divisions but has been shown
to be lost when leaves become much older [57].
Proteins identified as playing a role in the mainte-
nance of the silenced state include VERNALIZATION
1 (a non-sequence-specific DNA-binding protein) [58]
and LIKEHETEROCHROMATINPROTEIN 1 (LHP1)
(the singleArabidopsis homologue of heterochromatinprotein 1) [59,60]. LHP1 binds H3K27me3 in vitro
through its chromodomain, co-localizes with
H3K27me3 in vivo and is required to maintain FLC
silencing. This makes LHP1 in some respects the
functional equivalent of Polycomb, one of the subunits
of Polycomb-repressive complex 1. However, many
details to discover how all these activities are integrated
to give robust and stable epigenetic silencing of FLC
through many cell divisions until embryo development
remain to be elucidated. FLC expression is reset during
embryo development to ensure a vernalization require-
ment every generation [61,62]. What regulates this
resetting has yet to be determined, but in contrast to the
slow silencing during the cold, the reactivation of FLC in
the embryo is rapid (Fig. 1a). Whether transcriptional
activation is sufficient for resetting will be an important
question to address.
One feature that distinguishes vernalization from
many other epigenetic silencing mechanisms is
its quantitative nature. For example, plants given
2 weeks of cold flower later than plants given 4 weeks
of cold. The acceleration in flowering is therefore
proportional to the length of the cold exposure. This
quantitative basis has been explored using a combi-
nation of mathematical modeling, based on that used
to analyze switching of the mating type locus in
Schizosaccharomyces pombe and high-resolution
chromatin immunoprecipitation analysis [56,63]. The
model assumes a dynamic chromatin environment at
FLC with nucleosome turnover occurring at a high
rate. Bistable epigenetic states are established by
specific protein complexes and histone modifications
and these are reinforced through positive feedback
mechanisms. At FLC, high levels of H3K36me3 or
H3K27me3 appear to reflect the active and silent
epigenetic states [64]. Cold results in a cell autono-
mous switching of the active state to the silent state
through the localized nucleation of a PHD–PRC2
complex. The PHD–PRC2 complex spreads across
the locus on return to warm and this spreading is
required for stability of the epigenetic silencing. Using
a GUS reporter gene inserted in FLC, Angel et al.
demonstrated this “digital” memory experimentally
[56]. After longer cold treatment, an increasing number
of cells are switchedoff, and thus, the overallFLC level
in a plant is gradually turned down. The quantitative
nature of vernalization after different lengths of cold
exposure is thus achieved through a cell population
average. This digital memory is translated into a
quantitative response in acceleration of flowering at
least partially through FLC directly regulating expres-
sion of flowering locus T (FT), which encodes amobile
protein that moves through the plant [65].
Nuclear organization changes during the different
phases of vernalization
Over the past few years, nuclear organization has
been established as an important parameter in gene
663Review: Nuclear Organization Changes at FLCregulation. The importance of three-dimensional
changes in chromatin conformation for gene regula-
tion has been shown in different systems [66–69]
and many studies have correlated transcriptional
activity or repression of genes with relative position
to nuclear domains, such as the nuclear periphery,
the nucleolus or heterochromatin clusters [70–73].
Understanding the role played by this type of
organization in regulating gene expression repre-
sents a major challenge. Two major changes in
nuclear organization during the different temporal
phases of FLC silencing involve disruption of a gene
loop at FLC and physical association of the FLC loci.
Our understanding of these nuclear organizational
changes is reviewed below.Disruption of a gene loop in the early phase of
vernalization
Gene loops were first identified in yeast [74] and
were regarded as short-range chromatin interactions
where the promoter and 3′ terminator genic regions
came into physical contact as transcription pro-
ceeded [75]. They are considered to enhance
transcription by recycling RNA Pol II from the end
of the gene back to the promoter but have also been
suggested to play a role in maintaining transcrip-
tional memory [76,77].
In order to address whether gene looping was a
component ofFLC regulation, chromatin conformation
capture was performed in a series of mutants and at
different timepoints of the vernalization process [78]. A
robust gene loop at FLC was detected reflecting the
physical interaction between a genomic fragment I
(including the FLC promoter, first exon and key
regulatory elements in intron I) with fragment V, a
region ~355–970 bp downstream of the FLC poly(A)
site that contains promoter elements necessary for
COOLAIR antisense transcription (Fig. 2a). Thus, the
FLC gene loop has similarities to the promoter–
terminator loops found in yeast. The formation of the
FLC gene loop was found to be independent of
expression level as no major difference in chromo-
some interaction was found in genotypes with high
FLC expression (Col-FRI, fcafpa) or low expression
(arp6 and atx1atx2). However, the gene loop was
efficiently disrupted within the first 2 weeks of vernal-
ization (2WT0) and did not reform 7 days after transfer
of plants back into warm condition (2WT7) (Figs. 2a
and 3). A subunit of the SWI/SNF chromatin/
remodeling complex BAF60 has been found to be
required for the formation of the FLC gene loop, via
modulation of histone density, composition and
post-translational modification [79].
Long-range chromatin interactions
While gene loop structures represent interactions
at short distances, Polycomb targets are also able toengage in long-range chromatin interactions [80,81].
In Drosophila, FISH analysis revealed that co-
silenced genes from the two distant Hox complexes
can associate in the three-dimensional nuclear
space into so-called Polycomb bodies [67]. These
long-distance nuclear co-associations strengthen
PcG-mediated silencing, indicating that they might
play a functional role. This PcG-dependent chromo-
some contact required components of the RNAi
machinery [82].
To investigate whether similar long-range chromatin
interactions were involved in the PcG regulation of
FLC, we developed a live cell imaging using the Lac
I/O system (Fig. 2b) [83]. To visualize FLC in vivo, we
inserted an array of 120 copies of the lacO DNA
sequence (each copy separated by a random ~10-bp
sequence to minimize recombination and transgene
instability) into an FLC transgene downstream of the
poly(A) site. This insertion did not influence FLC
function as the transgene fully complemented the
mutant phenotype. A control transgene carrying the
lacO array but no FLC sequence was included in the
experiment. Transgenic lines carrying the FLC-lacO
and lacO alone transgenes were crossed with a line
expressing a lacI-YFP-NLS fusion. This was under a
leaky ethanol inducible promoter system and showed
constitutive expression in the region of the root
containing endoreduplicated nuclei in epidermal
cells. FLC expression is epigenetically silenced in all
tissues and not just those making floral tissue. lacO/
lacI foci were only detected in plants carrying
both transgenes and could be monitored in root
epidermal cells from both meristematic region and
endoreduplication zone, where the cells had differen-
tiated. In non-vernalized plants,multiple FLC-lacO foci
were detected in this region of the root, whereas in
meristematic cells, only two foci were detected
(Fig. 2c). After exposure to 2 weeks, cold many nuclei
show only one FLC-LacO focus in both endoredupli-
cated and meristematic cells (Figs. 2c and 3). This
only occurred inFLC-lacO transgenic lines, not in lacO
alone, and these foci were larger in size than
those from multiple foci nuclei in non-vernalized
plants, consistent with the occurrence of a physical
clustering. The number of nuclei showing clustering of
the FLC-LacO alleles increased quantitatively
with increasing cold exposure and then remained
similar after plants were returned to warm. Notably,
this time-dependent increase in clustering mirrors the
increase in H3K27me3 at the nucleation site (Fig. 2d).
The clustering was reminiscent of the formation of
Polycomb bodies in mammalian cells [84–86], but
whether RNA Pol II exclusion and/or Polycomb target
concentration co-localizes with the FLC clusters
remains to be established. Immunofluorescence
experiments aimed at localizing RNA Pol II and
H3K27me3 were unsuccessful likely due to the
harsh pretreatment conditions required for these
experiments with plant cells [83]. No obvious
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Fig. 2. Two changes in FLC nuclear organization occur at different phases of the vernalization process. (a) An FLC
gene loop that forms between the 5′ promoter region (fragment I) and downstream of the poly(A) site (fragment V) in
non-vernalized (NV) seedlings is disrupted by 2 weeks of cold exposure (2WT0). The loop does not reform 7 days (2WT7)
after transfer back to warm. The different fragments tested in a chromatin conformation capture experiment are shown with
vertical lines [78]. (b) Cold exposure induces physical clustering of the FLC loci. FLC loci were tagged with 120 copies of a
lacODNA sequence downstream of FLC poly(A) site (FLC-LacO). The transgenic line was then crossed to a line carrying a
YFP-lacI fusion. lacI/lacO binding enables live imaging of the FLC locus in the nucleus. (c) Representative images of FLC
loci either in endoreduplicated root cells (long) or meristematic cells (round) grown without cold (NV) or exposed to 4 °C for
2 weeks (2WT0). (d) Temporal changes in the frequency of cells showing clustering of FLC loci compared to the
cold-induced accumulation of H3K27me3 at the nucleation site [83].
664 Review: Nuclear Organization Changes at FLCconcentration in a particular nuclear region or near to
the nucleolus was observed in the live imaging
experiments performed to date.The exact mechanism by which clustering occurs
remains to be elucidated. Both the Polycomb trans-
factors (VRN5 and VERNALIZATION 2) [46,87] are
FL
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Fig. 3. Integration of the different regulatory functions at FLC. Comparison of the FLC gene loop, FLC and COOLAIR
transcription, the histone modifications H3K36me3 [64] and H3K27me3 [56] and the clustering status. (a) Plants grown in
the warm; (b) plants exposed to 2 weeks cold. The nucleation region is indicated with the pink line; (c) after transfer back to
warm conditions.
665Review: Nuclear Organization Changes at FLCrequired; however, clustering still occurred in the
presence of a mutation in LHP1, which is important
for maintenance of FLC repression rather than
initiation of the silencing [59].
Integration of the different regulatory functions
at FLC
The long timescales involved in vernalization pro-
vide the opportunity to integrate the different aspects of
changes in nuclear organization with other regulatory
layers of the silencingmechanism (Fig. 3). The earliest
nuclear organizational change is disruption of the FLC
gene loop. This coincides with the reduction of FLC
sense transcription but whether this is cause or effect
remains unknown. Our current hypothesis is that loop
disruption facilitates COOLAIR expression by reveal-
ing cis-elements that contribute to the cold induction of
antisense transcription. An FLC transgene that carries
different 3′ regulatory sequences, thus lacking the
COOLAIR promoter and up-regulation of antisense
transcription in the cold, shows slower FLC transcrip-
tional reduction in the cold. COOLAIR thus has an
important functional role but this does not seem to
be through a simple transcriptional interference
mechanism (T. Csorba, J. Questa, Q. Sun and
C. Dean, unpublished results). Similar interconnec-
tions among antisense transcription, chromatin con-
tacts and transcriptional activity havebeen analyzed at
the yeast FLO11 locus [88,89]. Different non-codingtranscripts and loops are associated with switching
betweenexpression states.Whether similar toggle-like
mechanisms are involved at FLC is unknown but the
limited analysis undertaken so far has not revealed any
additional high frequency internal contacts.
The gene loop could also identify a chromosomal
domain similar to the topologically associating domains
characterized in mammalian genomes. These define
chromatin domains that facilitate interaction between
cis-regulatory elements [90]. A spatial element to FLC
regulation has previously been demonstrated; cold
reduces expression of FLC and both flanking genes,
but only FLC silencing is epigenetically maintained
during subsequent development of the plant in the
warm, and the adjacent genes reactivate [91].
In contrast to the gene loop, the physical clustering
of FLC loci appears more central to the silencing
mechanism (Fig. 3). The tight correlation between
clustering with nucleation of the PHD–PRC2 complex
and accumulating H3K27me3 suggests that nuclear
organization is an important component of the mech-
anism. The next level of understanding of this
inter-relationship will emerge when we know more
about nucleation. Nucleation is likely to be limited by
expression of the cold-induced PHD protein VIN3
(Fig. 1a), which is inducedmore slowly thanCOOLAIR.
This temporal separation argues for a requirement for
reduced sense and antisense transcription before
efficient nucleation can occur. However, a prevailing
argument suggests a role for non-coding RNA in
666 Review: Nuclear Organization Changes at FLCrecruitment of PRC2 complexes to specific sites in the
genome [92]. We think that it is unlikely that COOLAIR
is required for recruitment of PRC2 to the nucleation
region given that theCOOLAIR dynamics do notmatch
nucleation dynamics; we only see low-affinity PRC2
binding to COOLAIR, and plants not expressing
COOLAIR show no alteration in H3K27me3 accumu-
lation during the cold (T. Csorba, J. Questa, Q. Sun and
C. Dean, unpublished results). The sense non-coding
FLC transcript COLDAIR has also been suggested to
recruit PRC2 to the nucleation site in FLC [55]. In
addition, we need to investigate whether the CpG-
island-mediated PcG recruitment, shown to be impor-
tant in mammals, is involved at FLC [93–95].
It is currently unknown whether the nucleation
region is defined by sequence and/or chromatin
signature and if it is analogous to Drosophila
Polycomb response element (PRE). In Drosophila,
PREs are usually located outside the transcribed
region of the target gene in the proximal promoter
region. Deletion of different regions of intron 1, either
a 2.8-kb DNA fragment [96] or a 288-bp DNA
fragment [60], suggests that the nucleation region
does function as expected of a PRE, namely, it is not
required for the initial repression of FLC expression
during cold, but it is required to maintain the
repressed state. Site-directed mutagenesis experi-
ments and analysis of A. thaliana natural variants
where cis variation at FLC confers different lengths
of cold requirement should prove informative in
defining requirements for efficient nucleation [97,98].
The correlation in the timing of nucleation and
physical clustering raises the very interesting possi-
bility that nucleation reflects a digital switch associated
with a change in nuclear organization. In the case of
FLC, the PHD–PRC2 and accumulating H3K27me3
modification might trigger association of homologous
loci. A digital switch could reflect a transfer between
nuclear domains, which might correspond to
“transcription factories” and “Polycomb bodies”
[99–102]. Intuitively, sequence specificity would
seem to be important for such a mechanism; thus,
roles of the various non-coding RNAs at FLC need to
be explored in this respect. Long-distance contacts
that enhance PcG-dependent silencing in Drosophila
require RNAi components. In Arabidopsis, mutations
in theRNAi componentsDICER-like 1 andDICER-like
3 affect FLC expression but not the epigenetic
silencing by vernalization, as assayed by flowering
time [103]. One could imagine nucleation and cluster-
ing function to reinforce each other ensuring robust
silencing [104]. This may be quite general given other
associations between induction of silencing and
changes in nuclear organization [68,84,105,106].
Perspective
The cold-induced epigenetic silencing of the floral
repressor FLC underlying vernalization in Arabidopsisinvolves many regulatory layers that are common with
other silencing systems. These regulatory layers
integrate the noisy temperature signals found in nature
and decode them into developmental timing informa-
tion. The more we learn about these mechanisms, the
more parallels—e.g., nucleation and spreading of
chromatin complexes, nuclear reorganization and
non-coding RNA function—emerge with silencing
systems in a whole range of organisms [85,107,108].
A combination of molecular genetics, cell biology and
computational modeling is enabling the full dissection
of vernalization. We need more systems where
multiple approaches are focused on a few key targets,
to complement genome-wide approaches, if we are to
fully understand the interconnections between these
different regulatory layers.Acknowledgements
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